Stress hysteresis (H) and temperature dependence of phase transition stress ðdr=dTÞ are the two signatures of first-order phase transition in shape memory alloys. We studied the effects of grain size on these two properties in polycrystalline superelastic NiTi with the average grain size from 10 nm to 1500 nm. We identified a critical grain size ($60 nm) below which both H and dr=dT rapidly decrease, leading to vanishing hysteresis and breakdown of Clausius-Clapeyron equation. The physics behind such grain size effects are the dominance of interfacial energy in the energetics of the polycrystal and the lack of two-phase coexistence at nano-scales. V C 2013 AIP Publishing LLC.
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[http://dx.doi.org/10.1063/1.4812643] Stress-strain ðr À eÞ hysteresis loop (H) and temperature dependence of transition stress ðdr=dTÞ are the two signatures of the thermoelastic first-order martensitic phase transition (PT) in shape memory alloys (SMAs) and are widely observed in polycrystalline SMA systems such as NiTi and CuAlNi.
1,2
With the fast development of nanostructured materials and the race for better materials performance, extreme grain refinement and nano-scale PT have become active topics of research in recent years since grain size (GS) is a key microstructural factor in controlling physical and mechanical behavior of polycrystals.
3-6 It has been reported that the H of the nanostructured polycrystalline NiTi SMA is very sensitive to the GS 7, 8 and that the thermally-induced martensitic PT can be completely suppressed when the GS falls below 60 nm. 9 In many applications, H and dr=dT are the most important properties 10, 11 and design parameters of the SMA device and structures. In the nano-scale GS regime, systematic experiments to examine the effects of GS on the PT behavior and these two properties are important and have not been available so far.
In this letter, we first fabricate polycrystalline superelastic NiTi with average GS from 10 nm to 1500 nm using severe cold working and heat treatment and then investigate the effects of GS on H and dr=dT of the material. We analyze the experimental results, explore the physical origins, and give thermodynamics explanations for the observed phenomena.
Superelastic NiTi sheet with chemical composition of Ti-50.9 at. %Ni was cold-rolled to 42% thickness reduction and heat treated according to two batches of heat treatments. For batch 1 (recovery and recrystallization annealing), the specimens were annealed at temperatures of 250, 300, 350, 400, 450, 500, 550, and 600 C for 45 min followed by water quenching. For batch 2 (recrystallization annealing), the specimens were annealed well above the recrystallization temperature ($350 C) at 485 C for 2 min and 520 C for 2, 3, and 6 min followed by water quenching (see Table I ). Average GS of the each heat treated specimen was measured using in situ high temperature XRD (Williamson-Hall method) 12 and was double-checked by dark-field TEM (DFTEM) technique in a JEOL 2010F high resolution TEM. Dog-bone tensile specimens (1 mm thickness, 1.3 mm width, and 17.3 mm gauge length) were cut along the rolling direction and were used for mechanical tests. To measure H and dr=dT, isothermal tensile tests at different constant temperatures were performed in a Universal Testing Machine (UTM). Latent heat release during PT was characterized by in situ measurement of specimen's temperature oscillation in displacement-controlled cyclic loading/unloading tensile tests on an MTS 858 universal machine at frequency of 0.05 Hz. An ultra-thin Ktype thermocouple with diameter of 0.025 mm (response time of 0.05 s) was taped to the specimen surface to capture the temperature evolution. 13 Prior to the tests, the samples were trained at a low frequency (isothermal condition) to remove the cyclic plasticity. C promotes partial devitrification and recovery of the deformed lattice and results in average GS of 27 nm. Annealing at 520 C for 3 and 6 min produces a fully recrystallized microstructure with average GS of 64 and 80 nm, respectively. Fig. 1(b) is a summary of GS measurements by in situ XRD (black squares) and DFTEM (red circles). It is seen that GS monotonically increases from 10 nm for the cold-rolled NiTi to 1500 nm for NiTi annealed at 600 C. Fig. 2(a) displays the isothermal tensile stress-strain curves for specimens of different GS. The steady-state temperature evolutions in cyclic loading/unloading are shown in Fig. 2(b) . It is seen that stress-induced PT can occur for specimens of all GS as evidenced by the hysteresis loop of a reversible deformation cycle and the release/absorption of latent heat from the PT. With the decrease of GS, the phase transition stress increased and hysteresis loop area decreased monotonically. According to the recent study, 13 
where k is the heat capacity per unit volume, f is the loading frequency, and t s h is characteristic lumped heat convection time of the specimen in a given ambient. 13 From Fig. 2 (b), it is seen that the finer the GS, the smaller the amplitude of temperature oscillation and therefore the smaller value of l 0 (see Table I ). There are two reasons leading to the decrease of l 0 with GS. The first reason is the increase of the grain boundary volume fraction with the decrease of GS. 16 Assuming grain boundary thickness as 1 nm, grain boundary zones occupy approximately 27% of the volume for GS ¼ 10 nm. The second reason is that for smaller GS, a larger stress is required for the PT (see inset of Fig. 2(a) ). For a given total strain of 4%, this means a larger portion of elastic strain, a smaller portion of transformation, and therefore a smaller l 0 since the released latent heat scales with the amount of transformation. 17 This is, in fact, due to a gradual suppression of stress-induced PT with GS reduction below 60 nm which at the same time promotes elastic strain. Here, we see that although thermally-induced martensitic PT is totally suppressed for GS below 60 nm, 9 PT can still be induced by stress for GS as small as 10 nm as evidenced by the measured l 0 and the small hysteresis loop area.
The variation of isothermal hysteresis loop area (H) with GS is shown in Fig. 3(a) for loading-unloading cycles with a maximum strain of 5%. It is seen that when GS is larger than 80 nm there is a little change in H and that when Fig. 3(b) where, as an indicative measure, the value of stresses at the fixed strain of 4% in loading and different constant temperatures are used to calculate dr=dT. It is seen that different from traditional polycrystalline NiTi where dr=dT is about 7 MPa/K, 18, 19 dr=dT decreased rapidly when the GS falls below 60 nm. For GS ¼ 10 nm, the PT becomes almost insensitive to the temperature and the superelasticity can be preserved in a much larger temperature window from 60 to À60 C (see inset of Fig. 3(b) ). The above results show that NiTi polycrystals with extremely small GS behave very differently from the traditional coarse-grained counterparts with GS > 100 nm. Both H and dr=dT of the polycrystal, which are the two important signatures of the first-order PT, decrease with the GS and tend to vanish when the GS is reduced to the nano length-scale. To understand the strong GS dependence of H and dr=dT, one must, among the other possible factors, consider the effects of the internal length-scales (i.e., GS and austenite/martensite interface thickness) of the polycrystalline material on the energetics and dynamics of the PT. Especially, we should notice the difference between the classical thermodynamics relationships established for homogenous systems (phases) and the macroscopic response of polycrystal which is in fact an aggregate consisting of large numbers of nanograins and phase interfaces. In the following, we will take into account the length scales of such material's multi-scaled structural hierarchy and try to provide explanations for the above GS effects.
From thermodynamics point of view, the macroscopic isothermal stress hysteresis of a polycrystalline material means mechanical energy dissipation in a phase transition cycle. One commonly accepted view of the hysteresis is that it is the consequence of the internal heterogeneity of the polycrystalline system, the free energy of which has multiple metastable minima. 20, 21 As the PT proceeds, the material experiences many micro-scale instabilities via nucleation and growth of martensite domains. When the state of the system moves from one metastable local minimum to the other, energy is dissipated and the amount is equal to the free energy change (see the schematic illustration in Fig. 4) . 22 For the stress-induced PT process in polycrystalline NiTi, it has been shown that 7, 23 the hysteresis originates from the nucleation of martensite in individual grains as the result of numerous microscopic instability of the system. To illustrate the GS effect on hysteresis (dissipation) in the simplest way, we consider the specific Helmholtz free energy change DW of a single one-dimensional cylindrical grain before and after PT under external stretching as shown in Fig. 4 . DW consists of bulk (DW bulk , negative) and interfacial (DW interf ace , positive) contributions
where V, A, and l are, respectively, the volume, cross-section area, and length (GS) of the 1D c interf ace is the specific interfacial energy and scales with austenite/martensite interface thickness (l m ). 7, 24, 25 From Eq. (2), the variations of DW with GS are schematically shown in Fig. 4 . The two energy wells represent the energies of equilibrium states before and after PT, and the difference represents the total amount of energy dissipated during the forward PT. It is seen that DW interf ace increases with 
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In fact, when l is reduced below a critical size, the specific interfacial energy term overwhelmingly dominates the total energetics of the system. As such, the system becomes more stable and hysteresis tends to vanish. 7, 26 Based on the above rationale, a multiscale model is established recently, 7 where the variation of hysteresis loop area (H) with GS(l) can be approximated by a simple scaling law as
where H 0 is the hysteresis loop area of the coarse-grained polycrystal and l m is austenite/martensite interface thickness. From Eq. (3), it is seen that reducing GS to the interface thickness which is the order of a few nanometers can indeed lead to the vanishing of hysteresis of polycrystalline NiTi. From the comparison between Eq. (3) and experimental data in Fig. 3 , it is seen that Eq. (3) can well capture the observed GS dependence of hysteresis. In order to explain the observed rapid decrease of dr=dT with GS, one has to reexamine the conditions for the classical Clausius-Clapeyron equation for liquid-gas first-order PT
where P is the equilibrium pressure for the two-phase coexistence, DS and DV are the jumps in entropy and volume, l 0 is the specific latent heat, and T is the equilibrium temperature of the two phases in the phase diagram. For PT in SMA bulk single crystal and coarse-grained polycrystals under tensile stress (r), we have the well-established temperature dependence of phase transition stress 28, 29 
where De ¼ (e tr ) is the jump in strain across the austenite/martensite interface or is called transformation strain (e tr ). It should be noticed that Eqs. (4) and (5) are derived based on the condition of two-phase coexistence (each phase has distinct state variables) at the equilibrium pressure (stress) in the P À T or r À T phase diagram (see Fig. 5(a) ). The experimental results of dr=dT and some results from Eq. (5) are listed in Table I . It is seen that for the NiTi with GS ¼ 64, 80, and 1500 nm the predicted values of dr=dT from Eq. (5) are close to the experimental measurements, indicating the validity of the equation for the polycrystalline NiTi in this range of GS. However, when the GS is below 64 nm, the experimental data of e tr are no longer available since the structure changes in such small grains are much less distinct (i.e., the jumps in the order parameter (strain) and the entropy become less clear, see Fig. 5(b) ). We have to consider the effects of the additional degrees of freedom such as grain size (l) and austenite/martensite interface thickness (l m ) on the energetics of the PT. The key factor is that due to the constraint of grain boundaries in nanograins, the PT events occur within an extremely small space where interface thickness and GS become comparable.
The transition from one phase to another cannot happen via nucleation and growth as in the coarse-grained polycrystals since there is no space in each grain to accommodate the twophase coexistence (as in Fig. 5(b) ). The PT tends to become a continuous, stable, and therefore reversible process. The overall response of the polycrystal approaches the reversible elasticity and thus gradually loses its temperature dependence. This scenario is supported by our recent in situ X-ray diffraction (XRD) experiments (not shown here due to the limit of the space) where a continuous reversible shift in peak position of the remnant austenite phase during loading/unloading up to strain of 5% was observed for specimens with GS < 60 nm indicating the continuous elastic deformation of the austenite phase. That means, below GS ¼ 60 nm, there is a change in the pseudoelastic deformation mechanism by phase transformation strain (with two-phase coexistence, hysteresis loop, and latent heat release) to the reversible elastic structural change (with small hysteresis loop, small latent heat release, and weak temperature dependence). In the limiting case, both l 0 (¼TÁDS) and De approaches zero, and dr=dT will have 0=0 type indeterminacy like those in second order PT. 27, 30 In such nano-scale, the classical Clausius-Clapeyron equation derived for the firstorder PT loses its physical meaning and breaks down in predicting the observed decrease in dr=dT (see Fig. 5(b) ).
It should be noticed that some partial amorphous phase and highly strained nano grains survived in the specimens (heat treated in the recovery regime (<300 C)) might also affect H and dr=dT. 31 However, the fact that the same trend is observed from both batches of heat treatment indicates that these factors may have minor contribution to the observed GS effect.
In summary, we have observed systematic changes in the hysteresis loop area (H) and temperature dependence of phase transition stress ðdr=dTÞ with the GS. When the GS falls below a critical value ($60 nm), both H and dr=dT decreases rapidly and tend to vanish. The macroscopic response of the nanostructured polycrystal exhibits unusual characteristics such as extremely small mechanical energy dissipation, small amount of latent heat, and very weak temperature dependence of phase transition stress as compared with the coarse-grained counterparts. Such significant GS effect on the PT behavior of the material is primarily caused 
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A. Ahadi and Q. Sun Appl. Phys. Lett. 103, 021902 (2013) by the gradual dominance of interfacial energy in the energetics of the polycrystalline system, leading to the reversible elastic response and the breakdown of Clausius-Clapeyron equation. The results obtained encourage the development of nanostructured NiTi polycrystalline SMAs with extremely small H and dr=dT, but still preserving large reversible deformation, which may open up some important possibilities such as high fatigue-resistance and low rate dependence in the application of this kind of smart material.
